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INTRODUCTI@N 

The supersonic transport will be an extremely complex air vehicle 

compared t o  present subsonic je t  a i r l iners ,  due t o  the wide range of 

speeds involved and the attendant a l t i tude  variations required to 

achie:e maxiuum efficiency. For this reason, as well as to  satisfy 

the economic and safety requirements fo r  the supersonic transport, 

careful stuQ: must be given all factors having a bearing on operation 

of the a i r c r s f t .  Hence, the importance of the various natural  phenomena 

t o  be encoun->ered, such as wind, r a i n  and ice, ozone and atmospheric 

temperature, zus t  be established. The purpose of this paper w i l l  be 

to consider, i n  particular,  the effects of variations in atmospheric 

tempe?ature 'jn the design and on the performance of the Mach 3 super- 

sonic transport. 

Tne first section of the paper describes the procedure used in 1 1 4 

4'1 I 5  

determining the e f fec ts  of atmospheric temperature on performance. 

1' Following this a brief introduction into the effects  of altifiude and 
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atmospheric temperature on some of the a i r c ra f t  performance parametere 

w i l l  be shown. The next portion is devoted to a discussion of two 

1 important airplane design parameters 88 affected by variations i n  

atmospheric temperature. Each phase of a typical mission prof i le  / 

then w i l l  be considered i n  detail f o r  a given airplane w i t h  respect 

1 to standard : id hot d a ~  conditions. 

several operc iionnl problems that would result f r o m  elevated temper 

The final section i l l u s t r a t e s  
I 

rrtures occurrhg  along the flight profile.  

PEEPORMANCE ANALYSIS 

I n  order t o  determine the losses o r  gains i n  performance of the 

I supersonic transport as a result of atmospheric temperature variations 

-, it is important to consider the entire mission and not 

j u s t  the area where the temperature change occurs. This is due to the 

f a c t  that each portion of the flight has a definite e f f ec t  on the re- 

maining par t  of the mission. For example, a loss i n  performance during 

the climb and acceleration phase, where about one-third of the t r i p  fuel 

normally is  cxm.med, produces changes in  performance during cruise as 

a re su l t  of +%e al tered airplane cruise w e i g h t  and range. To obtain a 

r e a l i s t i c  anrlysis, various atmospheric temperature schedules were 

assumed along a given mission prof i le  and the performance of a typical  

supersonic transport  configuration f l y i n g  t h i s  mission was determined 

using a d i g i t a l  computer program. 

The configuration used f o r  this' study was a delta Wing and canard 

ty-pe designed for  cruise a t  a Mach number of. 3 trith four turbofan 

c 

, 

* ,  



b .  8 .. 
\ 

4 b ' * ' L  

- 3 -  
were 

as inputs t o  the performance p r o g r a m 4  obtained through a seri of 

wind-tunnel tests conducted a t  Ames Research Center. However, it should 

be pointed o ~ t  that many of the problems discussed herein are also of 

concern fo r  ozher configurations. 

3200 nautical miles. 

The flight range considered was 

The take-off gross weight w a s  held constant and 

the re lat ion between payload capability and f'uel consumed was used 88 

a measure of performance. Figure 1 shows the 2 PSF maximum ground over- 

pressure climb prof i le  which was used as an input to the performance 

program fo r  aU. cases analyzed. This profi le  indicates the minimum 

a l t i t u d e  that can be flown a t  a given,,Mach nwber i n  order to avoid 

ground overpressures greater than 2 PSF and iL, : s  a f'unction of the 

a i r c r a f t  weight and geometry. 

3lApefsonm 

After W i n g  off %he aircraft w a s  assumed 

t o  climb and accelerate to 7500 f e e t  where it would leve l  off and accelerate 
4 D  
pt a Mach number of .9 . It was then assumed to climb a t  a constant Mach 

number to about 25,000 f e e t  where it would begin to accelerate once again 

and follow the 2 PSF boundary to a Mach number of 3. 

of the p ro f i l e  is dictated by noise considerations and the efficiency of 

The lower portion 

climbing at the highest possible Mach ntmber, although it was not developed 

by a comprehensive analysis. 

profi-.e in this area have very l i t t l e  effect  on the overall performance. 

An i r t  :rease i n  a l t i tude  of the &overpressure boundary i n  the transonic 

region, however, can cause a considerable loss i n  performance because of 

the rapid reduction i n  engine thrust. 

w a s  assumed to climb to the desired cruise altitude which must and would , '  

be h:.#er t'nm the 1.5 PSF ground overpressure l i m i t  f o r  t h i s  airplane as 

It should be pointed out that changes to the 

Upon reaching Mach 3, the a i r c r a f t  

indicxted i n  figure 1. The two types of Mach 3 cruise prof i les  used I n  
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Tt' A this paper weye a constant a l t i tude  and an optimum o r  B 

matical  expression defining the cruise range capability of an airplane 

washdeveloped by B r y t , , a s  (V & ) I n  ( $ ) where V is fl ight velocity, 

L/D the l i f t  to drag ratio,  SFC the e l ,  _,,e sp  ( ' :j . L'uel consumption, and 

4wst and m a y  b@ w t c t h  

W i  and W f  the weight of the airplane a t  the beginning and end of cruise, 

L respectively. The first term represents the aerodynamic efficiency, V - 
D ,  

and the propulsive efficiency, l / S F C .  "he so called Brepet cruise i s  one 

f o r  maximum range wherein the first t e r m  of the equation is maximized and 

which resu l t s  in a climbing cruise as w i l l  be shown later. 

ing the resu l t s  of the performance analysis it may be helpf'ul to 

Before cons ider  
e$&aF,Inc 

br ie f ly  the e f fec ts  of increasing a l t i t u d e  and atmospheric temperature on 

some of the nore important parameters used i n  calculating a i r c r a f t  performance. 

EFFECTS OF INCREASED ALTITUDE Arm A'IMOSPHERIC 

TEMpERAnmE ON PERFC*rYANCE ISBN4E"EW 

While t h i s  paper is mainly concerned with atmospheric temperature 

effects  on performance, it is desirable t o  have an understanding of altitude 

ef fec ts  as well because the two are  

Ereguet cruise. In climb, a change 

thrust and this i n  turn w i l l  a f fec t  

has insuf f ic ien t  thrust-drag &gin 

involved i n  both the climb and i n  a 

iq temperature will af fec t  the engine 

the al t i tude above which the airplane 

for  acceleration through transonic and 

f +  / +  

low supersonic speeds. In cruise, a change i n  temperature W i l l  resu l t  i n  

a change i n  a l t i t ude  required fo r  maximum aerodyn&c efficiency. 

is included to show the effects of -*altitude and atmospheric 

temperature on the various $erformance parameters f o r  the asswed airplane 

Figure 2 
c h a y e s  rn 

' I i ' L  1 I 
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during cruis- Both t h  cruise Mach i v of , : th-  aircraft weight 

a re  held constant while,,- separately the a l t i t ude  and temperature. 

Figure 2a shows the ef fec t  of,,-& cruise a l t i tude  on a standard ~ELY, 

and figure 2b shows the result of ,,- atmospheric temperature above 

standard f o r  a constant a l t i tude.  

i n  the figure are plotted to  the same ver t ica l  scalesand that the drag and 

varylnq 

oarrr t r r ,ns  ~n 

davia4tanS \n 

It should be pointed out that both graphs 

thrust curves a re  i n  pounds. 
R e & r u i n g  -f-n -&ko L O \ I ~  cu+ues  VI &quve >Q/ 

zal&Zk- - *-- -- . , it is 

seen that the velocity (V) is constant f o r  the  a l t i tude  range shown because 

a constant Mach number i s  assumed and the speed of sound is  constant i n  this 

a l t i t ude  r a g e .  

-due t o  a decrease in dynamit pressure.- 

The drag (D) falls off  ils th?  : ltitude is  increased - 
t.\ouJec)c c, 
hwaszee the a i r c r a f t  angle of attack i s  continuoucly increased to  maintain 

the required l i f t .  ,, As was previously stated, the thrust  (T) normally falls 

I 

Mls rcs;ul-(s in an increase in drav which tcxomes Stronqw4honike- Ibrmcr  o&c+ at 3- ' 

Gab*Y,, 

I 
- i  

73000 L '  . . 
Off w j t h  an increase i n  a l t i tude  fo r  I Gfven Mach number and throttle sett ing.  J-+ , 

k* 
However, to maintain a cruise conditiori of Mach 3 the thrus t  must equal t le + k \ S  8 

C&S@. 

drag and th i s  requires an increase i n  throt t le  se t t ing  w i t h  an increase i n  

cruise a l t i t ude  as the drag begins to increase. 

the thrus t  and drag curves of figure 2 is  due t o  the f a c t  that the a i r c r a f t  

i s  a t  a f i n i t e  angle of attack and a small component of the engine thrus t  

i s  acting i n  the lift direction. 

indication 0: the engine efficiency and it represents the pounds of f'uel 

used per hour per pound of thrust produced. 

condition, t, e SFC increases w i t h  an increase i n  alt i tude.  

w i t h  m inc;. ;-.se i n  thrust required results i n  an increased engine fuel 

The smal l  difference i n  

The specific fuel consumption (SFC) is an 

As is shown for the cruise 

This, coupled 
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- flow rate. 

r a t io  (L/D) Gdes up as the a l t i t ude  i s  increased t o  about 72,Ooo feet  

and then begins t o  f a l l  off. Because the weight and thus the l i f t  is 

constant f o r  nll the a l t i tudes  shown, the L/D value is dependent mainly 

on the drag end thus it peaks close to  the al t i tude where the drag is a 

511e a i r c r a f t  aerodynamic efficiency factor  o r  l i f t  to drag 

minimum. The difference shown is due t o  the drag of the engine air 

induction system which has not been :: d e d  1: 1 X f t - t o  drag r a t i o  

f o r  this analysis. The dashed curves of L/D a d  SFC are shown f o r  the 

same a i r c r a f t  a t  a lighter weight due t o  fuel  consumption during cruise. 

From this  it can be seen why an optimum o r  B r  ue t  cruise, that is f lying 

the maximum value of V x L/D/mc , results i n  a climbing fl ight as previously 

stated.  As the weight is  reduced the m a x i m  L/D occurs a t  a higher al t i tude.  

3 

Ais0 fo r  the lighter w e i g h t  the SFC i s  reduced and the amount of t h i s  

is greater a t  the higher al t i tudes.  This lower SFC value is a result 

decrease i n  drag and thus thrust  f o r  the reduced w e i g h t ,  although the 

two vzlues are not shown i n  the figure. Therefore i n  order to  fly an 
ShO&\d 

reduction 

of a 

latter 

optirmlm 

cruise  the airplane 

by SFC, resul t ing i n  a climb$ng f l igh t  I s the w e i g h t  is reduced and the 

veloci ty  held constant. 

climbing fl ight froa about 68,000 t o  '17,000 f ee t  during a 3200 nautical  

mile nissioo. Although the effects  of a l t i tude during cruise have been 

discussed herein, the climb and accelerate portion of the mission is 

continuously seek the t ~0:Lmum value of L/D divided 
& 

For t h i s  airplane 8 Breguet cruise results i n  a 

i 

'- similar. The main difference is that t i i r i n g  climb, the thrus t  is not 

equal to the drag and fo r  a given th ro t t l e  setting, say maximum power, 

the tl-mst and fuel flow rate ad& off with an increase i n  a l t i tude.  
4d\ 
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Ch,., 1 Irl 

Figure 2b shows the e f fec t  o f , k w =  iw amospheric temperature 

s"adard f o r  a constant a l t i tude  cruise and a constant weight. 
an \ncrcd%bn 

&I77 

A 

The airplane velocity increases withAtemperature since the speed of 

sound increases and the Mach number is held constant.- The drag 

remains nearly constant for  a U  temperatures and the slight rise is due 

t o  a smal l  increase i n  the dynamic pressure. Again the thrust must follow 

the drag for  l eve l  unaccelerated fl ight and this involves a throttle increase 

as the temperature r ises .  
w e e  

If the tbrottleh-allowed to  remain i n  one 

posit ion tlie engine thrust would fa l l  03' with increased temperature and the 

a i r c r a f t  would not maintain a l t i tude  o r  speed. 

consumption increases with atmospheric .; 1 t_oei*c.tu L-? and t h i s  indicates that 

a hot day cruise i s n ' t  as ef f ic ien t  as i d k t  of a standard day. Since the 

weight and thus the l i f t  are assumed corstant and the drag is essent ia l ly  

5ie engine specific fuel 

c o n s b i t  over the temperature range considered, l i t t l e  o r  no change i n  the 

L/D would occur as shown. The effects  of increased atmospheric temperatur? 
;0a 

, on the performance parameters during the climb and acceleraw segment of 

the mission would be of similar nature with the following exception. A s  

previously stated, the throttle se t t ing  is held constant f o r  most of the 

climb, and an increase i n  temperature would cause a reduction i n  thrust 

and f u e l  flow rate.  

reduction i n  thrust is more predominate, resulting i n  the reduced fuel 

Although the SFC increases with temperature, the 

flow r a t e  as -?,he temperature i s  increased. 

The fore  ,oinC; discussion is intended t o  be an a id  in  understanding 

the ef fec ts  ( scribed i n  the remaining parts of the paper. It considered 

I 

only instant:. eolis points along the flight prof i le  and the actual problem 
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i s  of a more complex nature, as the conditions discussed a re  a l l  inter- 

related and occur throughout the ent i re  ~ s s i o n .  It should be reemphasized 

t h a t  the a l t i tude  and temperature effects  discussed would apply generally 

to 
a*!5 

supersonic transport configurations with similar engines. 

EFFECTS OF A'IMOSPHWIC T P I P E R A ~  VARIATIONS ON AIRFUNE DESIGN 

It is  important f o r  the airplane designer t o  have an understanding d- 

of the effects  of atmospheric temperature variations on the a i r c r a f t  

perfomance i n  the early design stages. 

temperature extremes, he nrust determiat ,-.e v n l i ~ e  t I .;he various airplane 

Using  information on expected 

design parameters which would give the best o v e r a l l  performance f o r  the 

en t i r e  temperature range considered. Figure 3 i l l u s t r a t e s  how the designer 

must account f o r  the effects  of atmospheric temperature variations i n  the 

design phase i n  establishing two important a i r c ra f t  design parameters, 

wing loading ( F) and thrust-to-weight ra t io  ( - ) This figure shows 

the  variation of re la t ive  payload w i t h  thrust-to-weight r a t i o  and wing 

T 
Wg 

loading f o r  a 3200 nautical  mile design nission using a Mach 3 Breauet 

cruise. Curves f o r  a standard day and f o r  a plus and minus 20°F day 

experienced throughout the complete cliuiii and c n i l s e  portion of the fl ight 

prof i le  a re  shown. 

prove helpful i n  understanding the trenc.; shown i n  the figure. &The airplane 

A brief description of thc p..rameters involved should 
-9raPh 

thrust-to-weight r a t i o  o r  engine sizing parameter i s  defined as the standard 

day maximum sea leve l  s t a t i c  thrust for  all four engines divided by the air- 

plane -'ake-off gross weight. As the thivst-to-wci@t r a t i o  increases,the 

engine s i ze  would have to increase (pots weight Seing constant) 8s would 

! 

6 

! 

I 

, 
~ the  engine pod weight and the overall dmg of t h z  airplese. The wing loading 
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or wing s iz ing parameter is defined as the airplane take-off gross w e i g h t  
1 

J L- \L , 

dividcd by the wing area. Since the s o s s  weight was held constant, the 

wing loadinc was changed by varying -L;hl: wing area, and the attendant effects 

on s t m c t w a l  weight and on drag were accounted for. Thus an increasing 
'r 

King loading indicates a decreasing :r:!~g area. It is  obvious, then, that 
.rl' 

thrust-to-weight r a t i o  and wing loaclin:; define engine and wing s i z e  re- . 

spectively. Because of cer ta in  assumptions pertaining to the s t ruc tura l  e$ 

and equipnent weightsJqthe resul tant  payloads are  presented In  f igure 3 
+be abspluie m6rjnt:tcd& 04 + h e  powjloadb a d  be w m i d d  

Th4S 

re la t ive  t o  the maximum payload obtained on a standard day. 

purposes of this paperh trends rather tim absolute values are of prime 

For the 
* e n  9 

importance and these are shown adequatc3y by considering the re la t ive  

values and t h e i r  variations with wing loading and thrust-to-weight ra t io .  I 

The so l ld  curve of figure 3a shows the variation of re la t ive  payload , 
I 

w i t h  thrust-'co-weight r a t i o  f o r  a standard day and a wing loading of 80 - '  
i 

pounds per  sqxare foot. A thrust-to-weight r a t io  of about .43 is shown 

t o  give the r:%inum payload f o r  this case. It should be pointed out that 

the actual  v d u e  of thrust-to-weight ratio indicated as optimum w i l l  vary 

w i t h  the engi2e cycle and flight prol"5l.p consiLercd. 

f o r  thrust-to-weight r a t io s  higher t,k.,. ciptirmm is  due to the attendant 

increased e n a n e  and nacelle weights. 

The loss i n  pa~load 

This points out the penalty involved 

i n  using a conservative design approach by oversizing the engines t o  account 

f o r  any uncertainties i n  the airplane drag o r  engine thrust. %e reduction 

i n  payload f o r  thrust-to-weight ra t ios  lower than optimum is a result of the 
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of plus and minus 2o°F from standard. Some variation in the optimum 

thrust-to-weight ratio for a change in .tcrzperature is indicated. The 

results also show a large variation in performance associated with a 

2o°F change in the atmospheric temperature. For the optimum conditions, 

this E 'fect amounts to a loss of about 25 percent of the standard day 

pay10a.i on a 20°F hot day or about the weight of 32 passengers and baggage. 

Figure To shows the variation of relative payload with wing loading for 

s t a n d m d  and nonstandard temperatures and for a thrust-to-weight of .45 

No chzige in the optimum wing loading with a temperature change ie indicated, 

but again t h e  large payload losses on a hot day and gains on a cold da,y are 

evident. 

One reason for the large perform>(:> gains and losses of figure 3 is 

seeKn by considering the changes in the transonic acceleration values 88 a 

result of nonstandard temperatures. 

acceleration rates 

weight ratio and atmospheric temperature. 

Figure 4 shows the variation of minimum 

1 i n & a  

A at a Mach number of about 1.1 w i t h  thrust-th- 

The wing loading of 80 pounds per 

square foot and the maximum throttle seti;inC; were both held constant. The 

optimum thrust-to-weight ratios from fi6:re 3 are indicated by the circles 

on the correqonding curves of figure 4, and it can be seen that these occur 

at the same lxel of acceleration. The results indicate very low values of 

minimu acceleration for optimum or near optimum thrust-to-weight ratios . 
This is due tc the relatively high altitudes and accompanying low thrust 

levels which 

Li the flight profile assumed. 

ic can be see,: that the standard dayh 1 

percent as a result of a 20% increase ia atniospiieric temperature. 

re necessitated by sonic overpressure limitations and reflected 

Considering a thrust-to-weight ratio of .45 , 
* .  

m)nl \v i '  ' b  .i.: 5 
: LY I 9 a * is reduced about 23 

 his 
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acceleration loss is due to thrust degradation with temperature and 

resu l t s  i n  longer times spent i n  the high me1 consumption acceleration 

phase, producing a loss i n  payload capability. A decrease i n  temperature 

belor ;"adard increases the acceleration level, decreases the time required 

f o r  ~.c::eleration, and thus resul ts  i n  increased payload capability. As 

figurn 4 shows, an airplane designed f o r  an optimum thrust-to-weight ratio 

with respect. t o  payload capability on a standard day w i l l  still have posit ive 

acceleration capabili ty on a 20°F hot day but  would suffer a large reduction 

i n  pq10a.d capability as previously indicated. 

Tie airplane designer would employ a procedure similar t o  that described 

t o  determine any effects  on design wing loading o r  thrust-to-weight r a t i o  as 

a r e su l t  of nonstandard temperatures. C f  course, there are other areas t o  

considar i n  the design phase, such as take-off and sonic boom effects, where 

increased atmospheric temperatures may have a beacing on the eelection of 

the wine; and engine size.  
_- - - . -. _ _  

However, fo r  the conditions considered, it 

appears that changes i n  atmospheric temperature have l i t t l e  o r  no e f fec t  

on the optimum wing loading and a small (Xfec t  on the optimum thrust-to- 

weight r a t io  as determined on a standas clay. This indicates, then, that 

the designer ;Jill need t o  consider only the approximate maximum temperature 

extremes i n  vhich the airplane can be expected t o  operate and thus 8 close 

def ini t ion of these temperatures will not  be required from the meteorologist 

a t  an early Cate. The resu l t s  do show that temperature variations w i l l  plqy 

an extremely ;inportant. role  i n  the operation of the supersonic transport due 

t o  the large reductions i n  performance 011 a hot day. 

minder  of t h i s  paper, a wing loadir-, 

For use in the re- 

.; ;: -: ': F ' t r  square foot and a 

6 

I. 

I ' ,  
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thrust-to-welat r a t io  of .65 have been selected as a result of t h i s  study. 

Also, only ho% d a ~  conditions w i l l  be considered hereafter due to the actual  

improvements i n  performance as a result of atmospheric temperatures below 

Standard. 
- .- . 

EFFECTS OF INCREASED A!DIOSPHERIC TE"J3EtATURE 

DURING VARIOUS PHASES OF THE FLIGHT 

The peceding discussion has shown that the Supersonic Transport 

experiences severe losses i n  performance as a resu l t  of operation on a 

hot day. The operators of the a i r c r a f t  must cope with these effects  as 

they have wi:-,h similar effects, although less  severe, i n  past generations 

of transport s i rc raf t .  For the Neteorologist, then, it is  

w e l l  to examine these effects  on the operation of the supersonic transport 

t o  determine w h a t  if any improved weather information will be required by 

the a i r l i n e  operators. Thus the 

temperature i n  each phase of the 

considered. 

C l i m b  and Cruise. - Because the 

effects of variations i n  &nospheric 

supersonic transport mission w i l l  be 

preceding study was based on constant 

temperature increments throughout t h e  climb and cruise portiohs, the 

magnitude of the performance losses i n  e r c h  ~e.,:snt of the flight prof i le  

due t o  hot day operat 'cz was not apparent. 

picture  may be obtained by reference to  figure 5 which shows the variation 

Further c lar i f icat ion of the 

of f'uel used with atmospheric temperature for  various segments of the mission 

profile.  

segnents f o r  this s t u d y .  

climb t o  25,000 feet, and segment two lnc ludes the climb and transonic 

mdtcded in 
AsAthe insert-, the f l ight  prof i le  was divided into four 

subson% 
Segment number one covers the,,accelerstion and . 

acceleration to a Mach number of 2. S C : , j . i ~ n ~  number three consists of the 
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acceleration to  Vich number 3 and climb to mise  al t i tude.  The Mach 3 

Breguet cruise is labeled segment number four. 

a t  end of cruise i s  not included i n  this study since the weight of fue l  

is quite small and the temperature effects  unimportant. 

increment above standard was then applied t o  each segment independently and 

the mission was flown using standard day temperatures throughout the remaining 

pa r t s  of the fl ight profile.  The tote1 fue l  cor sullied for  the climb and cruise 

segments was then compared to  that of 3 :l--ipt, 1::ving standard day temperatures 

throughout. The result ing percent i n c r - t s e  i n  fue l  used above standard was 

plot ted against the corresponding temperature increment f o r  each se-ent as 

shown i n  figure 5. For example, considering a ;iO°F temperature increase i n  

segnent nunber two w i t h  standard temperatures over the rest of the flight 

profile,  an increase i n  f u e l  used from standard of about-percent is 

Deceleration and letdown 

A given temperature 

2 .3  

, 
indicated. This amounts t o  about 4356 pounds of fuel consumed above the 

1 189,800 pounds used to the end of cruise for  the standard day mission. For 

reference puqpses, the dashed curve of figure 5 shows the fue l  used above 

that f o r  a staadard day as a result of the indicated temperature increments 

ex is t ing  throilghout the en t i re  climb and cruise. 

increased terxpcratures i n  seeplents number 1 and 3 result i n  very l i t t l e  

It can be seen that 

loss i n  the airplane's performance. 

than one-hali' of one percent on a 30' hot day. 

sement  nun%.,- 4, results i n  an increase i n  fue l  used of about1.35 percent 

f o r  a 33' i p l  :?as6 i n  temperature. !Be most c r i t i c a l  portion of the f l ight  

prof-:? i s  s 3 3  t o  be segment number 2 which includes the transonic acceleration. 

Is i 

The increases i n  fuel used are less 

The cruising flight, o r  

C, a t c  ,qerature  increase i n  this region results i n  a reduction i n  



performance amounting to two-thirds 0; 

increase existing over the ent i re  f l i C h t  profile.  

-.i cr;isca by the same temperature 

A temperature increment 

of plus 30' during segment number 2 amounts to  a 4.13 gercent o r  7850 pounds 

increase in fuel used. This is a severe penalty when one considers that this 

represents the w e i g h t  of 

30 temperature increase 

nautical  miles and takes 

also interest ing t o  note 

0 

which 

h 

about 37 passengers and baggage and resu l t s  from a 

during a phase of the mission that covers only 198 

sixteen minutes t o  f l y  on a standard day. 

that the cruise phase, although taking 2627 nautical  

It is 

miles and 92 minutes on a standard da;., i nd ica t e s  a penalty on a 

that is  about one-third that of segmenJL cumber : , It is obvious 

atmospheric temperature variations w i i . 3  1 w c  ,L ::r?rious e f fec t  on 

sonic transport  performance during trariscnic acceleration. 

Bo hot day 

then that 

the super- 

The results of this s t u d y  indicate the importance of an accurate knowledge 

of the atmospheric temperatures along the mission profile.  

should be current and available t o  the airplane operators before the f l i g i t  

This informstion 

f o r  the purpose of calculating payload md fue l  required. 

measurements t o  a t  l e a s t  60,000 f e e t  should be taken f o r  about a 300 mile 

radius around the airport .  

Temperature 

Particular emphasis should be placed on the region 

of segment number 2 of the flight prof i le  considered involving the transonic 

acceleration which occurs f r o m  about 25 t o  200 nautical. miles from the airport .  

I n  addition, it appears that temperature measurements w i l l  be required f r o m  

60,000 t o  80.,000 feet along the cruise path a t  intervals i n  range about equal. 

t o  those presently employed across the United States. Additional studies 

w i l l  be neec; f. t o  determine how frequently these temperature measurements 

w i l l  be reqi: red. 

that the pre ,ent twelve-hour interval  between readings w i l l  be too great and 

However, due t o  the short f l i g h t  times involved, it appears 
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, 
6 that measurements w i l l  be needed perhaps a6 often as every hour, part icular ly  

in the region within'  300 nautical  miles of the termina~s.  

that the accuracy of these temperature measurements might have t o  be 

improved over those presently taken, as a 5' increase along cer ta in  areas 

It also appears I 

n 

,, i  

of the mission prof i le  can lead t o  a considerable increase i n  f u e l  consumption. 

It should be pointed out that t h c  [:qpitude oT the f u e l  losses shown i n  

figure 5 wcrdld change when considering other prr :'iles, ranges, aerodynamics 

and engines. However, it is fe l t  that 7 3  characterist ics of the 8boVe 

fac tors  would not vary suff ic ient ly  from those used to change the re la t ive  

importance of the file1 losses i n  the various prof i le  segments. 

Take-off and Landing. - Another area of concern t o  Supersonic Transport 

operation is  the e f f ec t  of increases i n  atmospheric temperature a t  the 

take-off and landing points. 

take-off r e s u l t  i n  reduced thrusts and require increased take-off veloci t ies  
-For a t p q  throtlla c e h g  
t o  meet the climb-out conditions. 

become greater as the temperature is increased. 

of the *&e-off distance wit4 increases i n  temperature above standard on the  

runway. 

SOxiIeWhatless than maximum, was held constant. 

tstke-off d i s i  :lice shown are based on a standard day length of 6565 feet 

Elevated teqera tures  along the runway on 

As a consequence, the take-off distances A 
Figure 6 shows the variation 

A take-off power sett ing,  which due to noise considerations is 

The percent increases i n  

calcvl-;ed i'c: the a i r c r a f t  considered i n  this paper, having a wing loading 

of 80 pounds KX square foot and a m a x i m u m  sea l eve l  s t a t i c  thrust-to-weight 

r a t i o  sf .45 , lis indicated i n  figure 6, the take-off distance on a 30°F 

hot dr?rf retic;; .S a value that is some 30 percent greater than the standard 

day length. Lken so, this distance of about 8SOO feet is w e l l  under the 
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maxinum alloxible value of 10,500 feet .  

re la t ively h 31 thrust-to-weight r a t io  was found optimum f o r  transonic 

acceleration :t the hi& al t i tudes imgosed by sonic boom requirements 

and as Q res1 It, f a i r l y  high t h r u s t s  are available f o r  take-off. 

ever, i f  the. : t'ruusts are much less than  indicated, s-ng within the 

a1loii:ble ta1.c-off distance may become more of  a problem on a hot day 

than is  presented by the case considered. 

This is due to the f a c t  that a 

How- 

Increases i n  atmospheric temperature during the landing phaae of 

the mission have an ef fec t  similar to t h a t  experienced during take-off. 

Elevated temperatures resu l t  in higher landinl; speeds which i n  turn lead 

t o  longer landing runs. 

Descent and i,eserves. - The descent portion of the supersonic transport 

mission will be similar t o  the climb phase in  that a prof i le  w i l l  have to 

be followed so as not to  exceed 2 PSF overpressure on the ground. However, 

unlike the climb phase, a relat ively small amount of fuel w i l l  be used fo r  

descent due t o  tine very low power settings. 

that increased atmospheric temperatures i n  this  area will not be much of 

For this reason it appears 

problem as far as fuel  economy is  concerned. 

In order t o  meet requirements for  i 1 c l d . i ~ ~ ;  ' - 1  a t r a f f i c  pattern and 

t rave l  t o  an alternate airport, the SUpeZ'SGli iC (cansport must have a 

cer tain amount of fue l  i n  reserve a t  the end of the mission. These 

a 



.. 

reserves based on current concepts ar,iount to about 7 percent of the 

a i r c ra f t ' s  take-off gross weight on a s'andard day. 

the same requirements on a 30°F hot dayJ the reserve fue l  would have to 

However, to perform 

be increased to  about 7.5 o r  8 percenz (jf the take-off gross weight. 

temperature information along the f l5 . i  i Sath and around the destination 

should be available pr ior  to  take-off ;11 order t o  calculate the fie1 needed 

to meet the j:2serve requirements. 

Thus 

This dil;cussion has pointed out t h e  penalties resul t ing from hot day 

operation i n  the various phases of the supersonic transport mission. 

has indicatec, the need f o r  complete and accurate atmospheric temperature 

information r long the f l i g h t  prof i le  and particularly i n  and around the 

terminal areas for pref l ight  determinEt5on o f  t h e  f ie1  and payload weights. 

It a lso  

The performance losses i n  terms of excess fue l  consumption associated 

with f ly ing  through regions of above standard atmospheric temperatures along 

cer ta in  pa r t s  of the mission prof i le  have been shown. It may be possible t o  

avoid these regions by course o r  a l t i tude  changes, assuming the operators 

have complete and accurate pref l ight  temperature information. For this 

reason a f e w  smple cases will be shown i n  which the f l i g h t  prof i le  was 

changed t o  &void assumed discreet  regioiis of' elevated temperature i n  the 

climb and i n  the cruise phases of the Iiission. 

grea t  c i r c l e  f l i g h t  from New York t o  T, 

-1 d s s i o n  typical  of a 

I ?:I f &' ,xri? 3OOO nautical  miles 

w a s  considered. The same a i r c r a f t  ass i... cd Sor the previously discussed 

--,.*".* ... 

6 

i 

f 
. .  , .  

, 
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work, having wing loading of 80 pounds per square foo, and a thrust-to-weig, 

r a t i o  of .45 w a s  employed. 

constant a l t i tude  cruise of 75,000 fee t  rather than a Bresuet cruise was flown 

and this topther  w i t h  the shorter range resul ts  i n  the fie1 consumed values 

being differcJt Trom those of figure 5. 

For purposes of simplifying the problem, a Mach 3 

The first  case examined considers one method of  avoiding a high temperature 

region located i n  the transonic accek .on - .,I the prof i le  as indicated 
were a s w a d  t o  

by the s'mded portion of figure 7. 

from 25,000 t o  52,000 feet  corresponding to segment 2 of figure 5, and extend 

Thi: 20°F above standard temperatures occur A 

out along the course some 800 nautical  miles. 

assumed i n  all other areas. The transonic acceleration and climb of the 

Standard day temperatures are 

standard 2 PSF overpressure profile,  as indicated by the so l id  l ine,  falls 

within the region of elevated temperature as shown. 

prof i le  through the warm region results i n  a fuel usage a t  the end of cruise 

of 188,091 pounds o r  about 4025 pounds above the cane mission flown on a 

Flying this standard 

standard day. The dashed l ines  repre;.iit, a p r o 5 . l ~  planned to avoid the 

eleva-ced temperatures and follow stanii!:?f cenilj i o n s  f o r  the en t i re  mission. 

The normal climb i s  followed.up t o  20,iOS fee t  where the a i r c r a f t  levels  off 

and cruises subsonic a t  a Mach number of 0.8. Upon reaching a range of ,800 

naut ical  miles and having passed the hi& temperature region, the a i r c r a f t  

then I'ollows a normal acceleration, clicih and cruise. 

resul-(,s i n  130,987 pounds of fue l  being consumed a t  the end of cruise, o r  

2896 pounds more than the no& proi'i-,. passin; through the warm region. 

Thus it i s  seen that a further loss r?.;Ler than a reduction i n  fuel usage 

occurs as a r e s u l t  of th i s  type of diversion due t o  the off-design operation. 

Following this pro ' i le  

- 



imy attempt to climb through and accel ma te  above the par t icular  elevated 
t e ~ q e r a t u r e  area of figure 7 would nob oe feasible because of the insuf- 

f i c i en t  thrust available a t  the higher al t i tudes involved. If, however, 

the warn area had existed only below 25,000 feet, then only a small penalty 

would resu l t  from flying the normal in:,; ;U,I t:irou;h the area as was indicated 

by segment one of figure 5. 3 pointed out that this one example 

does not r u 1 . h  out other means of avoicing t h i s  region of elevated temperature 

and improvin: performance, say through course chanses. 

if a course c-nange resu l t s  i n  an extensionA- .llO miles to the cruise 

phase f o r  thl. a i r c r a f t  considered, this t o o  w i l l  not provide any advantage 

over lollowi 

It shoulr, 

In  this case, however, 
rn ~ S C C ~ S ~ J  ofabvut 

a normal f l ight  prof i le  throu& the w a r m  region. 

Another problem area that might be nenIAoi i!d Ln connection w i t h  figure 7 

is  that of supersonic transport navi;: I , ? .  ~ -LA speeds producing rapid 

changes i n  posit ion w i l l  make navigation ana trafi'ic control increasingly 
thd 

d i f f i cu l t ,  but  it w i l l  be mandatory that the location ofA- a i r c r a f t  

be known a t  a l l  t i m e s .  

meteorological conditions can have a definite e f fec t  on the a i rc raf t ' s  

Complicating t h i s  task is  the f a c t  that variable 

progress along the f l i g h t  path. Deviations i n  atmospheric temperature 

from standard, f o r  example, can a f f ec t  the transport 's  a b i l i t y  to meet a 

given fix, that is, arr iving a t  an assfped a l t i tude  a t  a given t i m e  and 

range. 

passiug through the 2OoF above standzi-%. regjon :; conpared to  the same 

To i l l u s t r a t e  this,  consider the normal f l i g h t  path of figure 7 

mission on a standard day. Because 01 r' :.<? ;.,rial time required to 

comp1c"e the transonic acceleration p-r..:. a' t i id  uission due to the elevated 

temperatures, the a i r c ra f t  would arrivt: n t  its assigned cruise a l t i tude  some 

6 

. .  

6 

. .  
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than the same 5.5 minutes iater and 74 nautical I=--- & ’ I  ’ 

a i r c r a f t  f l0m on a standard day. 

this deviation would r e su l t  i n  further increases i n  fue l  consumption 

during t h i s  phase of the f l igh t .  

knowledge of the existing temperatures along the f l ight profile, the 

operators can predict these changes i n  the navigation fix pr ior  to the 

Ari L I I ~  rzased rate of climb to offset  

However, w i t h  a complete and accurate 

f l igh t .  

Two examples of attempts to avoid ereas of increased temperature i 
i 

during the cruise phase of the mission ?-y changes i n  a l t i tude  are 

i l l u s t r a t ed  i n  figure 8. 

region covering 1500 nautical  miles of - f 75,C; J.’oot )cruise path. 

Flying through t h i s  region results i n  1. 3,169 pounds of fue l  being 

Shown i n  fj ,pr.e 8a i s  L + h s  20°F temperature 
fir;,h,,k t 

used t o  the end of cruise or  1103 pounds above ’.he same mission flown 

on a standard day. Lowering the cruise a l t i tude t o  70,000 feet where 

standmd day terqeratures exist shows an inlprovement i n  fue l  consumption 

of 1445 pounds compared to f lying throlL;i the w ~ m n  area a t  75,000 feet. 

- It is interest ing to  note that the r e s c l i n g  f u e l  consumption is  about 

the same as that used f o r  the standard day mission a t  75,000 feet, - 
ratsing +he C r u l ~ e  n// t /u& fme? 7SODO So BOOUcl 4% e f #D d v o t  cf ,k r,-fosc 

Ho tu euw- 

Figure 80 shorm the same elevated temperature region extending t o  a lower 

al t i tude.  IC this case, i n  order to avoid the elevated temperatures, the 

aircraft would have to cruise a t  65,000 fee t  and would use 189,803 pounds 

of fbel a t  ‘ii- : ei-d of cruise. Thus it would have been better by some 46% 

pounds to hn. ; crdised through the mm region a t  75,000 feet. These two 

-/ 
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examples indicate that i f  the region of increased temperature is such 

t h a t  8 small :-owering of the cruise a l t i tude  t o  cooler conditions is 

possible, then a gain i n  performance k:ll res17lt. However, i f  t h i s  
+,.om 75~1000 $0 

required chance i n  a l t i tude  is  very 1.1 . , " '. .- . gle4- 
65000 Geef 

-&- *. , large amounts 02 excess fue l  w i l l  be expended 

as figure 8b indicates. a 
Another means hf  avoiding regions of elevated temperatures i n  the 

cruise phase is  t o  a l ter  the course la te ra l ly  as i l l u s t r a t ed  i n  figure 9. 

Here the t r i p  range is plotted against l a t e ra l  range and the ' sca le  of the 

l a t t e r  has been expanded f o r  c lar i ty .  The purpose w i l l  be t o  determine the 

l a t e r a l  displacement of another course for s"tandsrd day temperatures a t  the 

same a l t i tude  as a r e su l t  of using the  sale amount of f u e l  as would be 
! .  

consumed i n  f lying through a given are:?. ui' e1eva.A temperature. 

shows a plus 20 F above standard temper%.'; rf i-2, L covering the en t i re  

Figure 9a 
0 

75,000 foot cruise phase of the missio,l. il'l:iiig through this region resu l t s  

i n  the use of 185,757 pounds of fue l  a t  the end of cruise, o r  about 1691 

pounds more than the same f l ight  on a standard day. Now by using t h i s  same 

amount of f'uel and a l te r ing  the course q o n  take-off, a maximum lateral. fl;.@t 

path displacement of about 114 nautical miles i s  -3ossible under standard 

'- temperature conditions. This, of course, i s  due t o  the f a c t  that using 

the same amount of f u e l  it is possible t o  f l y  fa r ther  on a standard day 

.. . 

than oti a hot day. 

inprovements i n  performance over flying through the warm region, the laterel 

distance wouli, have l;o be much less t h a  the maximum of 114 nautical miles. 

Of course, an)- increase i n  t h i s  distance would result i n  more fuel being 

Thus for this case, i n  order t o  obtain any significant 
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r :: gh the warm area. 

Figare 9b shows an increased temperatuie regio;i covering 1500 nautical  

miles of the cruise phase. This is  the same area used i n  figure 8 and, 

as indicated, 185,169 pounds of fuel are consumed t o  the end of cruise. 

Again, using this same amount of f'uel, a maximum lateral course dis- 

placement of about 92 nautical miles is  possible when flying standard 

day conditions. 

standard o r  colder than standard temperatures can be reached i n  a very 

small  l a te ra l  distance, l i t t l e  o r  no improvements in  performance can 

be q e c t e d  over flying through w a r m  re.-;,ions on the normal f l i g h t  path. 

.3 . conswied thar, the 185,757 pounds use - -21 

The results of these two examples show that unless 

It shculd be pointed out that the last : z t  f :  .'igures have only 

i l l u s t r a t ed  EL f e w  examples of supersor:?-( v i - 3 ~  .,pJArt operation. However, 

the resu i t s  give a good indication of what is involved i n  attempting 

t o  imgrove performance by avoiding re;;Lons of higher than standard 

atmospheric temperature. 

folloved, A&e operators w i l l  have t o  have a current knowledge of the 

temperatures along the route for  navi2:-ional pixposes and i n  order t o  

predict  the a i r c ra f t ' s  performance i n  ten is  of fue l  required. 

Regardless of w h a t  course o r  f l i g h t  path i s  

CONCLUDING RUWZCS 

From this examination of the ezfects of atmospheric temperature 

on supersonic transport performance, several points of in te res t  have 

~ evolved. It qqears ,  from a designer's standpoint, that nonstandard 

temperatures Y i l l  not have a great efI'ect on the airplane design 

parameters 1;: Ich have been considered. 

consiceratic. of hot day operation, severe reductions i n  performance 

However, as a result of 

! 
I 

, 
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are indicated with the greatest portion of  the losses occurring i n  the 

transonic region. Increased temperatures a t  the terminal areas w i l l  

r e su l t  i n  longer We-off  and l a d i n g  distances, but these were found 

t o  be within the maximum limits for "he configuration considered. 

Higher than standard temperatures i n  the region of the destination will 

denand increcses i n  the reserve fuel svnply to neet the ref'used landing 

and holding requirements. 

the mission profile to avoid elevated i s  - p c r a t ~ i  '13s and thereby attempting 

The few c a x s  considr-riA show that a l te r ing  

t o  improve perforaance w i l l  probably :IC 

w a s  pointed out that the varying times arid dl2 ,iides over a navigation fix 

as a result of nonstandard temgeraturcs &ong tile f l i g h t  path w i l l  present 

bc e. w v r t h w h l l e  procedure. It 

b 

problems i n  both navigation and 

a i rc raf t .  

This has been only a brief 

temperature vhich is  but one of 

the  design and operation of the 

L '  
I . ,  . 

traffic. control f o r  t h i s  type of transpor5 

inves t: ,,etion ill"& the effects  of atmospkric 

the meteorological factors  to consider i n  I .  

supersonic transport. Based on 

the resu l t s  of this study, it appears that performance losses associated 

with hot day conditions w i l l  be of a greater consequence t o  the operator 

than f o r  current subsonic j e t  transport aircraft. Because of the severe 

losses i n  pe,-fomance as a result of increased temperatures during certain 

phzses of t h  

t e q e r a t u r e  

L 

I 

I 

r 

< 

I 

mission, the operators will need more frequent and accurate 

r-formation than that which is  supplied today, particularly 

i n  ani: arow-- t h e  terminal areas. 

WPpTelns : ir 
1- 22- 64 
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